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Neosartorya ﬁscheriThe polyol mannitol is one of the main compatible solutes in Neosartorya ﬁscheri and accumulates in
conidia and ascospores. Here, it is shown that biosynthesis of mannitol in N. ﬁscheri mainly depends
on mannitol 1-phosphate dehydrogenase (MpdA). Reporter studies and qPCR analysis demonstrated that
mpdA is moderately expressed in vegetative hyphae and conidiophores, while it is highly expressed dur-
ing development of ascospores. Deletion of mpdA reduced mannitol in whole cultures as much as 85% of
the wild type, while trehalose levels had increased more than 4-fold. Decreased mannitol accumulation
had no effect on mycelial growth irrespective of heat- or oxidative stress. Notably, conidia of the DmpdA
strain had higher mannitol and lower trehalose levels. They were more sensitive to heat stress. The most
distinct phenotype ofmpdA deletion was the absence of full development of ascospores. Formation of cle-
istothecia, and asci was not affected. The ascus cell wall, however, did not dissolve and asci contained
incompletely formed or aborted ascospores. Addition of the Mpd inhibitor nitrophenide to the wild type
strain also resulted in disturbed ascospore formation. Taken together, these results show that mannitol
has a role in sexual development of N. ﬁscheri and in stress resistance of conidia.
 2014 The Authors. Published by Elsevier Inc.Open access under CC BY license. 1. Introduction
The acyclic sugar alcohol mannitol is one of the most abundant
compatible solutes in nature and can be found in bacteria (Chalfan
et al., 1975), algae (Kremer, 1976; Benamotz and Avron, 1983;
Armstrong and Smith, 1998), lichens (Armstrong and Smith,
1998), plants (Stoop et al., 1996) and fungi (Jennings, 1984). The
term compatible solute implies that mannitol can accumulate
intracellularly without interfering with cell metabolism. A wide
variety of functions have been described for mannitol in fungi
including carbon storage (Corina and Munday, 1971), maintaining
reduction potential (Hult et al., 1980), water absorption (Velez
et al., 2007; Nehls et al., 2010), heat-stress protection (Allaway
and Jennings, 1970; Chaturvedi et al., 1996a,b; Solomon et al.,
2007; Albrecht et al., 2010), protection against oxidative stress
(Shen et al., 1999; Voegele et al., 2005; Solomon et al., 2007; Velez
et al., 2007), and tolerance against osmotic stress (Chaturvedi et al.,
1996a,b; Chaturvedi et al., 1997). Moreover, mannitol plays a rolein the pathogenesis of various plant and animal pathogens by act-
ing as a Reactive Oxygen Species (ROS) scavenger thereby neutral-
izing plant and animal defense (Chaturvedi et al., 1996a,b; Jennings
et al., 1998). Mannitol also plays a role in asexual sporulation
(Ruijter et al., 2003; Solomon et al., 2006), spore germination
(Voegele et al., 2005; Solomon et al., 2006), and ascospore
discharge (Trail et al., 2002). The precise function of mannitol in
fungi, however, is still not fully established (Solomon et al., 2007;
Aguilar-Osorio et al., 2010).
It has been proposed that fungal mannitol metabolism is orga-
nized in the so-called mannitol cycle (Hult and Gatenbeck, 1978).
This cycle would consist of two metabolic pathways that convert
fructose-6-phosphate to mannitol via the intermediates fructose
or mannitol-1-phosphate (Fig. 1). Various studies have shown that
mannitol synthesis mainly occurs via the reduction of fructose-6-
phosphate to mannitol-1-phosphate by the NAD(H) dependent
mannitol-1-phosphate dehydrogenase (MPD; EC 1.1.1.138) (Ruijter
et al., 2003; Solomon et al., 2006; Velez et al., 2007). This reaction
ðFructose-6pþNADH $MPDMannitol-1pþNADþHþÞ can act in two
directions. Subsequently, mannitol-1-phosphate is dephosphoryl-
ated to mannitol by the enzyme mannitol-1-phosphate
phosphatase (MPP; EC 3.1.3.22). The other pathway converts fruc-
tose-6-phosphate to fructose by fructose-6-phosphate phosphatase
Fig. 1. Trehalose metabolism and mannitol metabolism in ascomycota as proposed by Hult and Gatenbeck (1978). TREHALOSE METABOLISM. ISM: Isomerase, GK:
glucokinase, PGM: phosphoglucomutase, UGP: UDP-glucose pyrophosphorylase, TS: Trehalose synthase, TPS: Trehalose-6-phosphate synthase, TPP: Trehalose-6-phosphate
phosphatase, NT: Neutral trehalase. MANNITOL METABOLISM. MPD: NAD(H) dependent mannitol 1-phosphate dehydrogenase (EC 1.1.1.17); MPP: mannitol 1-phosphate
phosphatase (EC 3.1.3.22); MTD: NAD(H) or NADP(H) mannitol dehydrogenase (EC 1.1.1.138 and EC 1.1.1.68); HXK: hexokinase (EC 2.7.1.1); FPP: fructose 6-phosphate
dehydrogenase (EC 2.7.1.1/4). The predicted genes encoding MTD in N. ﬁscheri are mtdA (NFIA_090670) and mtdB (NFIA_101920) that are NADP(H) and NAD(H) dependent,
respectively.
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tose is then reduced to mannitol by the NAD(P)H dependent MTD
(EC 1.1.1.138 or EC 1.1.1.68, FructoseþNADðPÞHþHþ $MTD
MannitolþNADðPÞþ). The reversed reaction of FPP; the production
of fructose from fructose-6-phosphate ðfructoseþ ATP !HXK
Fructose-6pþ ADPÞ is catalyzed by hexokinase (EC 2.7.1.1). It
should be noted that the existence of the mannitol cycle is still de-
bated (Singh et al., 1988; Ruijter et al., 2003; Solomon et al., 2007).
For example, in Aspergillus nigerMpdA andMtdA are not localized in
the same part of the colony. MpdA is only expressed in vegetative
mycelia, while mtdA is expressed in conidiospores (Aguilar-Osorio
et al., 2010).
Deletion of mpdA in A. niger results in a decrease of mannitol
and an increase of trehalose in conidia (Ruijter et al., 2003). The
conidia of the DmpdA strain exhibit increased stress sensitivity.
Similarly, deletion of the mpdA homolog in Beauveria bassiana
(Bbmpd) results in decreased UV-, H2O2- and heat resistance of
conidia. Moreover, Bbmpd deletion affected asexual sporulation
and germination of conidia in this fungus (Wang et al., 2012). In
the wheat pathogen Stagonospora nodorum the mpdA homolog
mpd1 is required for the asexual sporulation but has no role in
stress resistance of spores (Solomon et al., 2005, 2006). Supple-
menting mannitol to the medium restored sporulation almost to
wild type levels (Solomon et al., 2006). In this study we show that
mannitol has a role in stress resistance of conidia and in the mat-
uration of ascospores in Neosartorya ﬁscheri. These data present for
the ﬁrst time genetic evidence that mannitol plays a role in sexual
development in fungi.2. Material and methods
2.1. Strain, growth condition and culture media
Cultures of N. ﬁscheri (CBS 317.89 CBS-KNAW, The Netherlands)
and N. ﬁscheri DmpdA were routinely grown at 30 C on oatmeal
agar (OA) or malt extract agar (MEA). The media were prepared as
described by Samson and Houbraken (2010). Ascospores were iso-
lated from cultures grown on OA and conidia were isolated from
cultures grown on MEA in Petri Dishes with air vents. Ascospores
or conidia were harvested by gently scraping cultures with a glass
spatula and were subsequently taken up in 9 ml ice-cold 10 mM
ACES (N-(2-acetamido)-2-aminoethanesulfonic acid) buffer, pH
6.8, supplemented with 0.02% Tween-80 (Sigma–Aldrich, Zwijn-
drecht, The Netherlands). The ascospore solution was supple-
mented with approximately 1 cm3 of sterile glass beads (1: 1 ratio
of beads with diameters of 0.1 mm and 1.0 mm) and homogenized
by vortexing for 2 min and soniﬁcation for 5 min using anUltrasonic
cleaner 2510E-MT (Branson Ultrasonics Corporation, Danbury,
USA). The mycelial debris was removed by ﬁltration through sterile
glass wool. The spores were pelleted by centrifugation for 5 min at
1100g (Mistral 400 centrifuge, Fisons plc, Ipswich, United Kingdom)
andwashed three timeswith ice-cold ACES buffer. Pellets of ascosp-
ores were stored at 80 C and conidia were stored on ice in ACES
buffer before further processing. Agar mediumwas inoculated with
ascospores (106) and mycelial plugs in the case of the wild type and
theDmpdA strain, respectively. Ascosporeswere activated to germi-
nate by a heat treatment (2 min, 85 C) prior to inoculation.
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MEA. The germination percentage was determined after exposure
of conidia to 50 C for 0–4 h or exposure to 0–10 mM H2O2 for
1 h. The treated conidia were put on MEA slices and incubated
for 14–16 h at 25 C. The germination percentage was determined
by light microscopy. Stress resistance of mycelium of the N. ﬁscheri
wild type and DmpdA strains was measured by growing at
30–45 C for 2 days or by adding 0–6mM H2O2 to the medium. The
activity of MpdA was inhibited by adding 0–1000 lM nitrophenide
(Bis(3-nitrophenyl) disulﬁde (Sigma–Aldrich) (Allocco et al., 2001)
dissolved in dimethyl sulfoxide (DMSO, Sigma–Aldrich) to MEA.
The ﬁnal concentration DMSO in the media was maximally 2%.
The size and the number of cleistothecia were determined after
30 days incubation at 30 C on OA. At least 100 cleistothecia were
measured, and 5 frames were counted. The calculations (standard
deviation) were done in Microsoft Excel.
2.2. Polymerase Chain Reaction (PCR)
PCR was performed with Phusion Hot Start (Bioke, Leiden, The
Netherlands) for ampliﬁcation of fragments for cloning, while
BioTaq (Gentaur, Eersel, The Netherlands) was used to check
integration of constructs in the genomic DNA of transformants.
PCR was performed according to the manufacturer’s instructions.
In the case of Phusion Hot Start an initial denaturation of 3 min
at 98 C was used followed by 35 cycles consisting of denatur-
ation for 10 s at 98 C, annealing for 30 s at 55–70 C, and exten-
sion at 72 C for 30 s per kb of fragment. In the case of BioTaq an
initial denaturation of 3 min at 95 C was used followed by 35
cycles consisting of denaturation for 1 min at 95 C, annealing
for 30 s at 55–70 C, and extension at 72 C for 30 s per kb. In
both cases PCR was completed with a ﬁnal extension of 7 min
at 72 C.
2.3. RNA extraction and cDNA synthesis
RNA was isolated from ascospores that were harvested from
30-day-old cultures and from cultures grown for 3 or 6 days on a
hydrophobic polyvinylidene ﬂuoride (PVDF) membrane (Carl Roth,
Krimpen aan den IJssel, The Netherlands) on top of OA. TheTable 1
Primers used in this study.
Name Sequence 50–30
b-tub-fw GCTCTTCCGTCCCGATAACTT
b-tub-rv CCTTGGCCCAGTTGTTACCA
his-H3-fw CAAGAAGCCTCACCGCTACAAG
his-H3-rv GACTTCTGGTAGCGACGGATTT
mpdA-fw CCAGTTCGGCGGAGGTAA
mpdA-rv CCAGCTTCGTGGAGGAACTC
mtdA-fw GGATGGCTCCGTGAATGACT
mtdA-rv GTAAAACGTGCCCGTCAGATC
mtdB-fw CCGTCAAGGAGGGAATCGT
mtdB-rv AGGTGAGCCCGGTGGAA
esdC-fw GCTCGGCTCCTGGGATAAC
esdC-rv GGAATCATCCCGGGAAAGA
mpdUP-fw#37 AAGCTTATTGGATCTCGATCGGTTACG
mpdUP-rv#38 TCTAGAGGGTCGATGGCTAGTTACTTC
mpdDWN-fw#19 GCTAGCAGGTTTGAACCGCTCGATTACGAACC
mpdDWN-rv#20 AGATCTAAAAGGTACGGACGTGCCTTCCCCCT
mpdPresence-fw#76 CGAGCAGCACACCGATAAGG
mpdPresence-rv#77 AGGCCCGATGAAGCGTTC
mpdUPintegr-fw#46 CCTGATCCGAGACCCGAAC
mpdUPintegr-rv#61 GCTCCGTAACACCCAATACGC
mpdDWNintegr-fw#60 CTTCTCTCTGCGTCCGTCC
mpdDWNintegr-rv#47 CTGGCAGTGGCTAGATGACG
pMPD-fw#156 GATCGCGGCCGCGGTGAGAGAACGGAAGAGA
pMPD-rv#157 GATCCCATGGGATGTTGTGTTGAACGAGTTGGAsamples were frozen in liquid nitrogen and homogenized with
the Qiagen Tissuelyser (2 times, 1 min at 30 strokes s1) in a stain-
less steel grinding jar (Qiagen, Venlo, The Netherlands) cooled with
liquid nitrogen. Approximately 0.5–0.8 cm3 powder was trans-
ferred to a new 1.5 ml Eppendorf tube precooled with nitrogen
and 1 ml Trizol reagent (Invitrogen, Breda, the Netherlands) was
added. After vortexing for 5 min at room temperature, 200 ll chlo-
roform was added. The sample was vortexted for 3 min and then
centrifuged at 4 C for 15 min at 12,000g. RNA contained in the
upper phase was transferred to a RNA extraction column after add-
ing one volume of 70% ethanol (Qiagen RNeasy mini-kit). RNA was
eluted following the protocol of the manufacturer and treated with
DNAse. The RNA concentration was determined with the Nanodrop
ND-1000 spectrometer (Nanodrop Tech., Wilmington, USA) and
integrity of the RNA was checked on a 2% TBE agarose gel. 1–2 lg
of RNA was converted into cDNA using the ThermoScript RT–PCR
system (Invitrogen).
2.4. Quantitative Polymerase Chain Reaction (qPCR)
Transcript levels of mpdA (NFIA_086010), mtdA (NFIA_090670,
mtdB (NFIA_101920), and esdC (NFIA_114660) were determined
with qPCR using an ABI 7500 fast real-time PCR system (Applied
Biosystems, Foster City, USA). In short, the reaction mix (20 ll)
consisted of 50–900 nM primers (optimal concentration and full
primer information is provided in Table 1), 25 ng cDNA sample,
and 10 ll ABI Fast SYBR Master Mix (Applied Biosystems, Foster
City, USA). The cycling parameters consisted of 95 C for 20 s,
95 C for 3 s, and 60 C for 30 s (40 cycles). Dissociation curves ver-
iﬁed that a single product was ampliﬁed. Transcript levels were
normalized against b-tub (NFIA_014730) or his-H3 (NFIA_011720)
and quantiﬁed according to the formula 2(Ct gene X  Ct b-tub) (Livak
and Schmittgen, 2001).
2.5. Plasmid construction
DNA fragments were ampliﬁed using genomic DNA of N. ﬁscheri
CBS 317.89 as target DNA and primers (Biolegio, Nijmegen, The
Netherlands) listed in Table 1. Ampliﬁed DNA was puriﬁed from
1% agarose gels using the QIAquick Gel Extraction Kit (QIAGEN)Underlined sequence Conc. (nM)
qPCR gene NFIA_014730 900
qPCR gene NFIA_014730 900
qPCR gene NFIA_011720 50
qPCR gene NFIA_011720 50
qPCR gene NFIA_086010 50
qPCR gene NFIA_086010 300
qPCR gene NFIA_090670 900
qPCR gene NFIA_090670 900
qPCR gene NFIA_101920 900
qPCR gene NFIA_101920 900
qPCR gene NFIA_114660 900
qPCR gene NFIA_114660 900
Added HindIII restriction site 200
Added XbaI restriction site 200
Added NheI digestion site 200
Added BglII digestion site 200
200
200
200
200
200
200
AATG NotI digestion site 200
NcoI digestion site 200
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ing 1–2 lg puriﬁed DNA, 1 unit Biotaq (GC biotech B.V., Alphen aan
den Rijn, The Netherlands), 1  NH4 reaction buffer (delivered to-
gether with Biotaq), 0.2 mM dATP, and 2.5 mM MgCl2. The tailed
DNA fragments were ligated with linear pGEM-T vector (pGEM-T
easy vector system II, Promega, Leiden, The Netherlands) and intro-
duced in JM109 competent cells (Promega). Plasmid DNA was iso-
lated with PureLink Quick Plasmid MiniPrep Kit (Invitrogen).
2.6. Construction of the mpdA deletion strain
The 1.5 kb upstream and downstream ﬂanking regions of the
mpdA open reading frame of N. ﬁscheriwere ampliﬁed with the pri-
mer combinations mpdUP-fw#37/mpdUP-rv#38 and mpdDWN-
fw#19/mpdDWN-rv#20 (Table 1), respectively. The PCR products
were introduced in pGEM-T resulting in plasmids pGEM-mpdUP
and pGEM-mpdDWN. A 1.1 kb upstream ﬂank was isolated from
pGEM-mpdUP by digestion with HindIII-XbaI. This fragment was
cloned in front of the hygromycin resistance cassette of pAN7-1
(Punt et al., 1987) by cutting with the same enzymes. This resulted
in pAN7-1-mpdUP. pAN7-1-mpdUP was digested with NheI-BglII,
after which the 1.2 kb NheI-BglII downstream sequence of mpdA
from pGEM-mpdDWN was introduced. This resulted in the
DmpdA-pAN7-1 plasmid, which was cut with HindIII and BglII.
The hygromycin cassette ﬂanked by the up and downstream re-
gions of the N. ﬁscheri mpdA gene was puriﬁed from gel and intro-
duced in the CBS 317.89 strain.
2.7. Construction of pMPD-dTomato expression in the CBS 317.89
strain
The 1.5 kb upstream region ofmpdAwas ampliﬁed by PCR using
the primer combination pMPD-fw#156/pMPD-rv#157. The prod-
uct was puriﬁed from gel, tailed and ligated in pGEM-T to obtain
plasmid pGEM-pMPD. Plasmid phNmrrdTomato containing the
dTomato gene (Shaner et al., 2004) between the promoter region
of hNmrr of A. niger and the trpC terminator of A. nidulans was di-
gested with NcoI and NotI to replace the hNmrr promoter for that
of mpdA contained on a 1.5 kb fragment NcoI/NotI fragment. The
resulting expression vector pMPDdTomato contains the dTomato
gene under control of the mpdA promoter of N. ﬁscheri.
2.8. Transformation of N. ﬁscheri
N. ﬁscheri was transformed with linearized DmpdA-pAN7-1
plasmid, or circular DNA of pMPDdTomato. The latter construct
was co-transformed with pAN7-1. Protoplast formation was based
on the protocol described by de Bekker et al. (2009). Activated
ascospores (106–107) were used to inoculate 250 ml malt extract
broth (MEB) (BD Difco, Breda, The Netherlands) containing
100 lg ml1 ampicillin using a 0.5 l Erlenmeyer ﬂask. After 16–
20 h at 30 C and 200 rpm the mycelium was homogenized for
1 min in a Waring blendor at full speed and 125 ml homogenate
was added to 125 ml fresh MEB with ampicillin. After incubation
for 16 h at 30 C and 200 rpm, the mycelium was ﬁltered over ster-
ilized nylon gauze and washed with 0.9% NaCl. The mycelium
(2–3 g wet weight) was resuspended in 0.2 M phosphate/0.8 M
sorbitol buffer with 5 mg ml1 lysing enzymes (L1412, Sigma–Al-
drich), 0.15 units ml1 chitinase (C6137, Sigma–Aldrich), and
460 units ml1 b-glucuronidase (G0751, Sigma–Aldrich). Protop-
lasts were harvested after shaking at 130 rpm for 1.5–3 h and
incubation at 37 C. Mycelial debris was removed by ﬁltration
over glass wool. The protoplasts were centrifuged at 4 C for
10 min at 2000g after adding ice-cold 0.2 M phosphate/1.33 M
sorbitol buffer. Protoplasts were washed with 50 mM CaCl2,
10 mM Tris/HCl, pH 7.5, 1.33 M sorbitol (STC) and resuspendedin STC at a concentration of 108 protoplasts ml1. 2  107 protop-
lasts (200 ll) were transformed with 1–5 lg transformation DNA
(either or not in the presence of 10–20 lg co-transforming DNA).
To this end, 50 ll of PEG (25% PEG-6000 in 50 mM CaCl2, 10 mM
Tris/HCl, pH 7.5) was added to protoplasts and incubated at RT
for 20 min. This was followed by adding 2 ml PEG buffer and incu-
bation at RT for 5 min. After addition of 4 ml of STC, 10 ml of pre-
warmed (50 C) minimal medium (de Vries et al., 2004) containing
0.95 M sucrose and 0.6% agar (MMST) was added to half of the mix-
ture and poured onto minimal medium containing 0.95 M sucrose,
1.2% agar and 200 lg ml1 hygromycin (Hygrogold, InvivoGen,
Toulouse, France). The transformation plates were incubated for
3–5 days at 30 C. For the second selection the transformants were
transferred to minimal medium plates containing 1% glucose and
200 lg ml1 hygromycin.
2.9. PCR screening of transformants
Genomic DNA of transformants was isolated with the Ultra-
Clean Microbial DNA Isolation Kit (Mo Bio Laboratories, Carlsbad,
USA) to check for deletion of mpdA. PCR with the primer combina-
tion mpdPresence-fw#76/mpdPresence-rv#77 (Table 1) ampliﬁes
a 526 bp fragment of mpdA, indicative for the presence of a wild
type copy of the gene. Primer combinations mpdUPintegr-fw#46/
mpdUPintegr-rv#61 and mpdDWNintegr-fw#60/mpdDWNintegr-
rv#47 (Table 1) resulted in fragments of 1246 bp and 1850 bp in
the case the hygromycin resistance cassette had integrated within
mpdA.
2.10. Sugar analyses
Sugar analysis was performed on cultures from various ages and
on isolated conidia (pellets of 2  108 conidia). The cultures, con-
sisting of aerial hyphae, cleistothecia, and conidiophores, were re-
moved from the agar medium with a glass spatula. The samples
were frozen in liquid nitrogen, freeze dried, and homogenized with
the Qiagen Tissuelyser (2 min at 30 strokes s1) in a stainless steel
grinding jar (Qiagen) cooled with liquid nitrogen. 0.5–1 ml milli Q
water was added and grinding was repeated for an additional
2 min at 30 strokes s1. Samples were thawed, transferred to a
2 ml Eppendorf tube and centrifuged at 4 C for 30 min at
10,000g. The supernatantwas heated for 30 min at 95 C and centri-
fuged again 30 min at 10,000g. The supernatant was ﬁltered (0.2mm
acrodisc Cr13mm Syringe ﬁlter, Pall Life Science, Mijdrecht, The
Netherlands) and stored at 80 C until used for further analysis.
Quantitative analysis of saccharides and polyols was carried out
by high-performance liquid chromatography (HPLC) equipped
with a Sugar pak I cation-exchange column (Waters, Etten-Leur,
The Netherlands). The column and detector were kept at 50 C with
a column heater (Waters) and internal heater respectively. The car-
bohydrates were detected with an IR detector (2414 refractive in-
dex detector, Waters), and the ﬂow of the mobile phase (MQ with
0.1 mM Ca EDTA) was maintained at 0.5 ml min1 with the 515
HPLC pump and the pump control module II (Waters). Samples
were injected using the 717 plus autosampler (Waters). Peak inte-
grations and calculation were performed with Empower software
delivered by Waters. The retention time of the peaks were com-
pared with those of 0.01–0.50% w/v trehalose, mannitol, glucose
and glycerol.
2.11. Light microscopy
Cultures of N. ﬁscheri were imaged at low magniﬁcation using a
Nikon binocular (SMZ1500) equipped with a Nikon HR Plan Apo 1
lens and a Nikon DS-Fi1 digital camera run by Nikon NIS-Elements
D 3.0 software. Micrographs of individual cleistothecia were taken
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Nikon DS-Fi1 digital camera run by Nikon NIS-Elements D 3.0
software.
2.12. Fluorescence microscopy
Nuclei were stained with 40-6-diamidino-2-phenylindole dihy-
drochloride (DAPI). To this end, cleistothecia were squashed be-
tween two object glasses, incubated for 90 min with DAPI
(1.5 lg ml1) in vectrashield mounting medium (Vector laborato-
ries, Burlingame, USA) and washed 3 times with phosphate buf-
fered saline (PBS). Fluorescence was captured with a Zeiss
Axioplan II microscope using a Zeiss Plan-ApoChromat 100/1.4
oil objective, a Zeiss Plan-NeoFluar 40/0.75 objective or a Zeiss
AchroPlan 10/0.25 objective. The G365 (FT396, LP420), BP450-
490 (FT510, LP520) and BP510-560 (FT580, LP590) ﬁlters were
used for DAPI, GFP and dTomato. Images were captured with a
Zeiss AxioCam MRc digital camera run by Zeiss AxioVision 4.Fig. 2. Conserved domains in Mpd of the species Eimeria tenella, Ectocarpus siliculosus,
ﬁscheri, Aspergillus fumigatus, Neurospora crassa, Beauveria bassiana, and Escherichia coli. T
B, C, D and E) and catalysis (domain B, C and D). The inhibition of Mpd activity by nitro2.13. Electron microscopy (LTSEM and TEM)
Cleistothecia were covered with 2% agarose that was pre-
warmed at 40 C. Small cubes (1  3 mm) were cut by means of
a stainless razor blade (GEM products, Orange Park, Florida, USA)
and glued with KP-Cryoblock (Klinipath, Duiven, The Netherlands)
in a 1 cm £ copper cup. After snap-freezing in a nitrogen slush,
samples were transferred to a JEOL 5600LV scanning electron
microscope (JEOL, Tokyo, Japan) via an Oxford CT1500 Cryostation.
Ice was removed by sublimation by heating the sample stage to
85 C. Samples were sputter coated with gold for 3 min. Micro-
graphs were acquired at an acceleration voltage of 5 kV using 30
averaged fast scans (SCAN 2 mode) or a single scan at the SCAN
4 mode.
For transmission electron microscopy colonies were covered
with 2% agarose and cleistothecia were cut. This was necessary
for entrance of the ﬁxatives into the fruiting bodies. The agarose
blocks were ﬁxed in 4% paraformaldehyde in Sorensen phosphateBacillus subtilis, Vibrio cholerae, Phaeosphaeria (Stagonospora) nodorum, Neosartorya
he domains are involved in NAD+ binding (domain A), mannitol-1p binding (domain
phenide might be due the modiﬁcation of the thiol group of Cys-337 (domain B).
16 T.T. Wyatt et al. / Fungal Genetics and Biology 64 (2014) 11–24buffer (pH 7.2, 100 mM) for 2 h with gentle agitation. During the
ﬁrst 30 min the samples were kept in a desiccator under vacuum
for removal of air. Subsequently, the sample was transferred to
2.5% glutaraldehyde and kept overnight while gently shaken
(10 times min1, VXR basic Vibrax, IKA Werke GmbH, Staufen, Ger-
many). Samples were post-ﬁxed in 1% OsO4 for 1 h, dehydrated in
an alcohol series and subsequently embedded in QUETOL resin
(EMS, Hatﬁeld, PA, USA). 70–80 nm sections were obtained with
a Reichert Ultracut S ultramicrotome (Leica, Wien, Austria) using
a Diatome diamond knife (Diatome, Hatﬁeld, PA, USA). Sections
were transferred to a 75 mesh copper grid coated with 1% formvar
and imaged in a JEOL 1011 transmission electron microscope
(JEOL). Micrographs were acquired with a Veleta high resolution
TEM camera (ResAlta Research Technologies, Golden, USA) and
processed with Adobe Photoshop CS 5.5.3. Results
3.1. Characterization of mpdA, mtdA, and mtdB of N. ﬁscheri
A blast search with mpd and NADP dependent mtd genes of A.
fumigatus (Krahulec et al., 2008, 2009) and a NAD dependent mtd
gene (mtdA) of A. niger (Aguilar-Osorio et al., 2010) revealed the
presence of one mpd (NFIA_086020; mpdA) and two mtd
(NFIA_101920; mtdB, NFIA_090670 mtdA) genes in N. ﬁscheri
(Wortman et al., 2006). MpdA and MtdA of N. ﬁscheri have highA
B C
Fig. 3. Relative gene expression ofmpdA,mtdA, andmtdB (A) and esdC (B) related to b-tub
relative expression of b-tubulin, mpdA, mtdA, mtdB, and esdC in relation to histon-H3 whomology with their homologs in other ascomycetes (i.e. between
61% and 97% and between 71% and 100%, respectively) (Supple-
mental Tables 1 and 2). MtdB of N. ﬁscheri shares 97%, 86% and
64% identity with its homologs of A. fumigatus (Krahulec et al.,
2008, 2009), A. niger, and S. nodorum, respectively. Genes encoding
MtdB could not be found in the other fungi (Supplemental Table 3).
MpdA, MtdA and MtdB of N. ﬁscheri belong to the short-chain
group of the dehydrogenase/reductase superfamily. The MpdA pro-
tein contains two preserved pfam domains, a substrate speciﬁc cat-
alytic domain, the mannitol dehydrogenase C-terminal domain
(pfam08125), and the mannitol dehydrogenase Rossmann domain
(pfam01232). The Rossmann domain is speciﬁc for binding of the
co-enzyme nicotinamide adenine dinucleotide (NAD+) and con-
tains the conserved consensus motif G-x-G-x-x-G (Fig. 2) (Lesk,
1995). The C-terminal domain contains conserved amino acids
important for binding of the substrate mannitol-1p and for cataly-
sis of the reaction (Fig. 2). Nitrophenide is thought to modify the
thiol group of cysteines (Allocco et al., 2001), thereby impairing
the function of Mpd. We found one conserved cysteine, most likely
the target of nitrophenide (Fig. 2).3.2. Inactivation of mpdA
The deletion construct DmpdA-pAN7-1 was introduced in N.
ﬁscheri. In 3 out of 50 transformants (dubbed DmpdA70, DmpdA73
and DmpdA76) the mpdA coding sequence could not be ampliﬁedulin in Neosartorya ﬁscheriwild type andDmpdA strains as measured with qPCR. The
as also determined in wild type ascospores and 3-day-old wild type cultures (C).
T.T. Wyatt et al. / Fungal Genetics and Biology 64 (2014) 11–24 17by PCR (Supplemental Fig. 1). In contrast, fragments were obtained
in the case of these transformants using primers that annealed
within the hygromycin resistance cassette and outside the ﬂanking
sequences of mpdA (see Section 2 for details). This showed that theFig. 4. Expression of mpdA of Neosartorya ﬁscheri (WT) by using dTomato as a reporter. D
ﬂuorescent, but ﬂuorescence decreases during germination. Leading hyphae of a 5-day-o
and being part of the cleistothecia) and especially the cleistothecia (J–L) are ﬂuorescent.
also observed in conidiophores, but not in conidia (M–O). The thin arrow points to an as
and 100 lm (M–O).mpdA coding sequence was replaced by the hygromycin resistance
cassette. The three deletion strains showed similar phenotypes
(see below). Strain DmpdA70 was used for further study if not
mentioned otherwise.ormant (A–C) and heat activated ascospores (D–F) of 13-day-old cultures are highly
ld mycelium (G–I) do not express mpdA. In contrast, aerial hyphae (AH: surrounding
Fluorescence of vegetative hyphae in the agar (Ag) is low (bottom). Fluorescence is
cospore, the thick arrows to cleistothecia. Bar represents 10 lm (A–F), 50 lm (G–L),
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Expression of mpdA, mtdA, mtdB, and esdC, a gene involved in
early sexual development in A. nidulans (Han et al., 2008), was
determined by qPCR with b-tubulin as reference in 3-day and/or
6-day-old wild-type and DmpdA70, DmpdA73, DmpdA76 cultures.
After 3 days cleistothecia (ascomata) and asci are not present in
the cultures and after 6 days ascospores can be observed within
asci and ascomata. Expression of mtdB was low in all cases. In con-
trast, mpdA, mtdA and esdC were higher expressed in 6-day-old
wild-type cultures when compared to the 3-day-old cultures
(Fig. 3A and B). As expected no expression of mpdA was measured
in the deletion strains. The expression of esdC was elevated com-
pared to the 6-day-old wild type culture (p-value <0.008 for all
three strains). The expression of mtdA strain DmpdA70 did not sig-
niﬁcantly differ from the wild type (p-value 0.27), while mtdAFig. 5. Dissection of cleistothecia of 10-day-old cultures of wild type (C, E; A, 16-day-old)
no clear morphological differences are observed (A and B). More asci are found in Dm
ascospores in the wild type (E) and only asci in the mutant (F). The thin arrow points to a
H) and DmpdA (I and J) of 21-day-old cultures. Drying of the cultures results in collapse
150 lm (G, H, I, and J), 100 lm (A and B), 50 lm (C and D), 10 lm (F) and 5 lm (E).expression of the other two strains was signiﬁcantly higher than
in the wild type (p-value <0.002).
The presence of transcripts of b-tubulin in ascospores was ex-
treme low, therefore we used the his-H3 gene as reference. The
His-H3 gene was chosen, because the copy number of the his-H3
homolog in A. niger remained stable in dormant/germinating con-
idia (van Leeuwen et al., 2013). Expression of b-tubulin, mpdA,
and esdC was low in ascospores, while the expression of mtdA
and mtdB was high compared to the 3-day-old cultures (Fig. 3C).
The 1.5 kb upstream region of the predicted mpdA coding se-
quence was placed in front of the dTomato reporter gene. The
resulting expression construct pMPDdTomato was introduced in
N. ﬁscheri and strain pMPDdT2b was selected as a representative
transformant. Dormant ascospores of this strain were highly ﬂuo-
rescent (Fig. 4A–C), but the ﬂuorescence was lost during germina-
tion (Fig. 4D–F). Vegetative hyphae showed no detectableand strain DmpdA (B, D, and F). The DmpdA cleistothecia are signiﬁcant smaller but
pdA cleistothecium (D) compared to the wild type (C). Close ups show numerous
scospores, thick arrows to asci. Cleistothecia of Neosartorya ﬁscheri wild type (G and
of the mutant cleistothecia (J) but not of those of the wild type (H). Bars represent
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colony were ﬂuorescent (Fig. 4J–L). The ﬂuorescence was especially
high in cleistothecia (Fig. 4F–G) and to a lesser extent in conidio-
phores (Fig. 4M–O). On the other hand, conidia were not ﬂuores-
cent (Fig. 4M–O). Taken together, these data show that the mpdA
promoter of N. ﬁscheri is especially active in sexual structures
and to a lesser extent in aerial hyphae and conidiophores.
3.4. The role of mpdA in sexual development
Initial stages of development were similar for wild type and
DmpdA. Early stages of cleistothecia formation are characterized
by the formation of a spherical body, approximately 250–350 lm
in diameter, which is enveloped by several layers of cells (the
peridium). Inside the cleistothecia, hyphae are embedded in an
extracellular matrix in which numerous asci are formed (Fig. 5).
The mutant and the wild type had formed equal numbers of cleis-
tothecia after 30 days of growth at 30 C, with 96 ± 7 and 95 ± 4
cleistothecia per frame for the wild type and mutant respectively.
The diameter of the cleistothecia of 30-day-old wild type colonies
was 326 ± 46 lm, while that of the DmpdA strain was 288 ± 39 lm
(Fig. 6E). All cleistothecia of the deletion strain, but none of the
wild type, collapsed after a drying treatment (30–60 min) in a lam-
inar ﬂow cabinet (Fig. 5G–J). Notably, ascospores could not be iso-
lated from cultures of the DmpdA strains, while >108 ascospores
were obtained from single cultures of the wild-type. Addition of
1–4% mannitol to the media did not restore ascospore formation.
Cryo electron microscopy showed that cleistothecia of 10-day-
old or older wild type cultures contained many ornamented
ascospores (Fig 5A, C, and E). Asci were no longer observed in such
cultures. In contrast, the DmpdA strain contained many asci but noA
C D
Fig. 6. Germination percentage of wild type and DmpdA conidia when exposed for 0–4 h t
DmpdA colonies at various temperatures (C). Radial growth of 3-day-old colonies upon ex
old wild type and DmpdA cultures grown on OA.ascospores (Fig. 5B, D, and F). In some asci small premature spores
seemed to be present. DAPI staining revealed multiple nuclei in
asci of 10-day-old wild type and DmpdA cultures (Fig. 7E–H).
Transmission electron micrographs showed that both wild type
and mutant cleistothecia were bound by a peridium that consisted
of several layers of cells that were very intimately connected. This
layer was impermeable for ﬁxatives and only cleistothecia that had
been cut (see Section 2) showed successful structural preservation.
Wild type asci contained ascospores with a regular shape and
clear ornamentation on a thick cell wall (Fig. 8A and E). Numerous
asci were observed within a cleistothecium of the mutant strain
(Fig. 8D) and two types could be discerned. Firstly asci, with a
number of relatively thin walled, incompletely formed ascospores
that contained nuclei, ER, small lipid droplets and mitochondria
(Fig 8B). In addition, vacuoles were observed in these cells. Sec-
ondly, many asci contained irregularly shaped compartments that
showed distorted ornamentation (Fig. 8C and G). These compart-
ments were electron dense. All asci, either containing incompletely
formed or distorted ascospores were characterized by the presence
of small, very electron dense particles that were mostly present in
vacuoles and mitochondria (Fig. 8B, C, and F–H). These observa-
tions show that formation of ascospores is delayed and disrupted
in the mutant strain. Abortion of the ascospores is correlated with
the presence of electron dense inclusions.
N. ﬁscheri produced approximately 5  108 conidia per oatmeal
medium plate, while ascospore numbers exceeded 2  109.
Conidiophores in the mutant strains were similar to those of
the wild type strain. 6-day-old colonies of the wild type strain,
and the DmpdA70, DmpdA73, and DmpdA76 strains produced
4.9 ± 1.4  108, 3.5 ± 1.8  108, 3.1 ± 1.6  108, and 1.9 ± 0.5  108
conidia per plate, respectively. Only the number of conidiosporesB
E
o 50 C (A) or for 1 h to 0–10 mMH2O2 (B). Radial growth of 2-day-old wild type and
posure to 0–6 mM H2O2 (D). (E) Number and diameter of cleistothecia from 30-day-
Fig. 7. Ascospores in asci released from 7-day-old (A) and 10-day-old (C) wild type (WT) cultures grown in the absence of nitrophenide (NP). Asci from 7-day-old (B) and 10-
day-old (D) wild type cultures grown in the presence of 1000 lM nitrophenide. Inserts are close ups and show an empty ascus (B), premature ascospores in asci (A, D) and
released ascospores (C) of wild type cultures. Nuclear staining of asci of 10-day-old cultures of wild type (E and F) and DmpdA strains (G and H). DAPI staining shows 8 nuclei
in wild type asci (F) and DmpdA asci (H). (E) The wild type ascospores inside the asci are almost fully developed (arrows). (G) No mature ascospores are observed in mutant
asci (arrow). However, a similar number of nuclei are present in asci of the wild type and mutant strain (F and H). Bar represents 20 lm (A and B) and 10 lm (C–H). Bars in
inserts represent 5 lm (A–D).
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the wild type. Germination and stress resistance of conidia isolated
from 10-day-old cultures was determined. The mutant conidia
showed similar germination percentages (99.1 ± 0.1%) as the wild
type conidia (96.5 ± 0.6%) when grown on OA at 30 C. However,
after 4 h exposure at 50 C the germination percentage of wild type
conidia was 75%, while it was 45% in the case of the mutant
(Fig. 6A). Conidia exposed to H2O2 did show some difference. The
germination percentage of DmpdA70 conidia at 5 mM H2O2 was
72.3 ± 1.0% compared to 84.0 ± 4.1% in the case of the wild type.
No signiﬁcant differences were seen at 7.5 mM H2O2, with germi-
nation percentages of 8.6 ± 3.8% and 7.2 ± 1.1% for the wild type
and mutant conidia, respectively. Minimal germination was seen
for both wild type and mutant conidia at 10 mM (1.3 ± 0.5% and
0.6 ± 1.0% respectively). Taken together, deletion of mpdA resulted
in conidia that were slightly more sensitive for heat and oxidative
stress. The dry weight of the mycelium of N. ﬁscheri grown at 30 C
was equal when wild type and the DmpdA strain were compared
(data not shown). This was also the case for radial growth at 30,
40 and 45 C (Fig. 6C), or the presence of 2–6 mM H2O2 (Fig. 6D).
Apparently, mannitol has no major inﬂuence on vegetative growth
when exposed to heat or oxidative stress.
The presence of mannitol and other sugar compounds was also
evaluated by means of HPLC analysis. The carbohydrate content
of the complete mycelium was measured in 5- to 30-day-old
colonies. Cultures of the DmpdA strain contained less mannitol(0.8–1.2% of the dry weight) compared to the wild type (2.2–7.8%)
(Fig. 9). The wild type exhibited a marked decrease of mannitol
from 7.2% to 2.2% between 4 and 10 days after inoculation. The
mannitol levels in the wild type increased gradually again to
7.8% between 10 and 25 days after inoculation, which correlated
with ascospore formation. During later stages of ascospore matura-
tion mannitol levels slightly decreased to 5%. Throughout cultur-
ing, mannitol levels remained 61.2% in the DmpdA strain. In
contrast, trehalose levels were clearly enhanced compared to the
wild type at all stages except ascospore maturation. The highest
amount of trehalose in cells of the mutant was observed after
4 days and was over 8% dry weight. During development it gradu-
ally declined to 4%. The wild type showed a gradual increase from
2% to 5% between 8 and 40 days with the exception of an initial
peak at 4% after 6 days. Conidia of the wild type strain contained
3.5 ± 0.19 pg trehalose, 0.4 ± 0.02 pg mannitol and 0.7 ± 0.04 pg
arabitol per spore. Remarkably, conidia of the three mutant strains
contained 1.3 ± 0.02, 0.9 ± 0.01, and 1.7 ± 0.01 pg trehalose and
4.5 ± 0.09, 3.7 ± 0.05, 6.3 ± 0.20 pg mannitol for the DmpdA70,
DmpdA73, and DmpdA76 strain, respectively.
The MPD inhibitor nitrophenide (3-nitrophenyl disulﬁde)
inhibits sexual sporulation of oocysts of the apicomplexan parasite
Eimeria tenella (Allocco et al., 2001). Nitrophenide (100–1000 lM)
also caused a dose-dependent inhibition of ascospore formation on
MEA in N. ﬁscheri. The strongest inhibition was seen on 1000 lM.
In this case, no ascospores had been formed in 6-day-old cultures.
Fig. 8. Transmission electron microscopy of cleistothecia of 7-day-old cultures of wild type and mutant strain. (A) Wild type ascus with fully formed thick walled ascospores.
The cytoplasm of these spores was not effectively preserved due to the impermeable cell wall. (B) Ascus of the DmpdA strain with four proﬁles of incomplete ascospores in
this section and some electron dense inclusions. (C) Ascus of the DmpdA strain containing distorted ascospores and numerous electron dense inclusions. (D) Overview of a
DmpdA cleistothecium delineated with a peridium and containing many asci and a number of hyphae. (E) Detail of (A) showing a thick cell wall (arrow) of a wild type
ascospore and a tangential cut through the outer rim of another spore. (F) Detail of (C) showing a vacuole with electron dense particles. (G) Distorted ascospore in mutant
ascus with irregular thinned cell wall. (H) Ascus of the DmpdA strain showing electron dense inclusions in mitochondria. (I) Vacuole in an ascus of the mutant strain with
inclusions and distorted ascospores. Bars represent 20 lm (A), 2 lm (B and D), 1 lm (C, H, and I), 0.5 lm (E and G) and 0.2 lm (F).
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formation of cleistothecia (Fig. 7A–D). These data conﬁrm the role
of mannitol as was shown by deletion of mpdA.
4. Discussion
This study shows that deletion of mpdA in N. ﬁscheri results in
strongly reduced levels of mannitol in vegetative hyphae and asco-
mata. In contrast, mannitol accumulated to high levels in conidia.
The latter was accompanied by a marginally higher sensitivity of
the conidia to heat and oxidative stress. Although the vegetative
hyphae had reduced levels of mannitol, their growth was not af-
fected, not even after exposure to heat or oxidative stress. The lat-
ter agrees with previous ﬁndings in other fungi (Ruijter et al., 2003;
Solomon et al., 2005, 2006; Dulermo et al., 2010; Wang et al.,
2012). Only in the case of Alternaria alternata a minimal effect on
colony growth was observed (Velez et al., 2007). The impact of
mpd deletion on asexual development varies among different spe-
cies of fungi. Deletion of a mpdA homolog affected conidia forma-
tion in B. bassiana and S. nodorum. The latter did not sporulate at
all in planta (Solomon et al., 2005, 2006; Wang et al., 2012). In con-
trast, no effect was observed on sporulation and germination when
mpd was deleted in B. cinerea and A. alternata (Velez et al., 2007;
Dulermo et al., 2010). Conidia of A. niger and B. bassianawere more
sensitive to stress when their mpdA homologs were deleted (Ruijter
et al., 2003; Wang et al., 2012). Higher levels of mannitol in conidiaof the DmpdA of N. ﬁscheri is unique. Possibly, the other mannitol
synthesizing enzymes (MtdA and MtdB) are responsible for this
activity. Markedly, the concentration of trehalose was 2–4-fold
reduced in DmpdA conidia compared to the wild-type conidia. In
contrast, deletion of mpdA in N. ﬁscheri resulted in a more than
4-fold increase of trehalose between 4 and 20 days of development
in the whole colony. This phenomenon was previously observed
in other fungi (Ruijter et al., 2003; Solomon et al., 2005, 2006;
Velez et al., 2007; Dulermo et al., 2010; Wang et al., 2012) and
hints to a connection between trehalose and mannitol metabolism
(see Fig. 1). A very low expression of trehalose-6-phosphate
phosphatase (TPP; OrlA), a gene involved in trehalose metabolism
(Puttikamonkul et al., 2010), was observed in both wild type and
mutant strains throughout development (data not shown). This
suggests that trehalose accumulation in the Dmpd strains occurs
via other TPP enzymes or via another pathway. Such an alternative
pathway has been identiﬁed in A. nidulans, which involves the
clock-controlled gene 9 (Shinohara et al., 2002). In the DmpdA
strains, trehalose may take over the function of mannitol during
vegetative growth. Trehalose is a well-known stress protector
(Hottiger et al., 1989; Crowe et al., 1996; Fillinger et al., 2001)
and is important in stress sensitivity of yeast (Devirgilio et al.,
1994) and A. nidulans and B. cinerea conidia (Fillinger et al., 2001;
Doehlemann et al., 2006). The increase of trehalose in the myce-
lium does clearly not recover the effects of mannitol depletion in
ascospore formation in N. ﬁscheri. Future studies should reveal
Fig. 9. Trehalose, mannitol, TOS (trehalose-based oligosaccharides) and total soluble sugars/polyols in the Neosartorya ﬁscheri wild type (A) and DmpdA70 (B) strains grown
on OA for 4–40 days. The amounts of sugars are stacked, so the highest line equals the total amount of sugar in the complete aerial part of the colonies. Oligosaccharides are
completely absent, and only traces of mannitol are found in the mutant (thin green line in graph B). (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
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compatible solutes in growth and development of ascomycetes in
general and N. ﬁscheri in particular.
Gene mpdA was most highly expressed in cultures that form
ascomata and ascospores (6 days old). Mannitol accumulation in
the ascospores is thus expected to occur early in their develop-
ment. In addition, mtdA and mtdB were also highly expressed in
the ascospores. Considering the phenoptype of the DmpdA strain
these enzymes could have a function in mannitol metabolism dur-
ing early ascospore germination. The expression pattern ofmpdA is
very similar of that of esdC, a protein that has a glycogen binding
side and a AMP-regulated kinase complex and which is crucial
for sexual development in A. nidulans (Han et al., 2008). Null mu-
tants for this gene show absence of sexual structures, in contrast
to our mutant that only shows an effect on ascospore formation.Such an effect of mpdA deletion on sexual development has not
been reported before. DAPI staining and electron microscopy
showed that the defect of ascospore development occurred after
meiosis. The failure to differentiate the cell wall of individual
ascospores was correlated with a retainment of the ascus cell wall.
The latter had disappeared in case of the wild type, which resulted
in a relatively high number of asci in the cleistothecia of the mu-
tant strain. Moreover, drying resulted in collapsed cleistothecia
of the DmpdA strain but not of the wild type. This structural prob-
lem might be the result of the absence of ascospores in the cleisto-
thecium, which also explains the smaller size of DmpdA strain
cleistothecia. The apicomplexan parasite Eimeria tenella, showed
disruption of development of sporocysts in the oocyst, when
Mpd was inhibited by nitrophenide (Allocco et al., 2001). Spo-
rocysts are also survival structures that develop from a fertilized
T.T. Wyatt et al. / Fungal Genetics and Biology 64 (2014) 11–24 23zygote, the ookinete, and therefore are sexual structures like
ascospores. That Mpd plays such an important role in the forma-
tion of sexual survival structures from organisms so distantly re-
lated to fungi indicates that mannitol might be a general factor
in development.
How can we explain the impact of mannitol on ascospore mat-
uration? First of all, mannitol could serve as an energy source. Such
a role has already been suggested in 1965 by Horikoshi et al.,Man-
nitol is abundant (2.5% of the wet weight) in A. oryzae conidia and
decreases rapidly upon germination when endogenous respiration
levels are high (Horikoshi et al., 1965). Mannitol also accumulates
in ascospores of Talaromyces macrosporus and N. ﬁscheri, (up to 9%),
and is degraded quickly after breaking of dormancy (T.T. Wyatt and
J. Dijksterhuis, unpublished work). We also observed a decrease of
mannitol levels during early (day 6–10) ascospore formation in
contrast to the mannitol levels in the mutant that remained low
throughout these stages (Wyatt, 2014). This hints that mannitol
usage, probably dependent on mpdA, is important for effective
ascospore production. Accumulated solutes as mannitol could even
play a role in prolonged maturation of ascospores that occur in buf-
fer solution outside the cleistothecia (Dijksterhuis and Teunissen,
2004).
Secondly mannitol can also serve as a reservoir of reducing
power (Hult et al., 1980). The mannitol dehydrogenases Mpd
and Mtd depend on the coenzymes NAD(H) or NADP(H) (Fig. 1).
The ratios between NAD+/NADH and NADP+/NADPH are important
for the redox balance of the cell. NADPH for example is also a sub-
strate for the NOX family of NADPH oxidases that produce the
reactive oxygen species (ROS) superoxide. ROS is known to play
a role in germination (Lledias et al., 1998) and asexual sporulation
(Hansberg et al., 1993). Notably, NoxA of A. nidulans has been
shown to be essential for sexual sporulation as deletion of NoxA
blocks the differentiation of fruiting bodies. NoxA generates ROS
in peridial layers during development (Lara-Ortiz et al., 2003).
Many peridial layers are formed around the initials of the ascog-
enous cells and part of these layers die and dissolve, which result
in space for the developing asci and supporting hyphae (Sohn and
Yoon, 2002). This suggests a role for programmed cell death (PCD)
during cleistothecia development (PCD in fungi is reviewed by
Ramsdale, 2008). There are more examples of PCD-like phenom-
ena during ascospore formation. For instance, half of the originally
eight ascospores of Coniochaeta tetraspora are degenerated (Raju
and Perkins, 2000). Asci are present in high numbers in the mu-
tant strains after 5–6 days, while numerous fully formed ascosp-
ores with a thick ornamented impenetrable cell wall without
visible asci are present in the wild type. This suggests that the
ascus cell wall and contents disappear during proper ascospore
formation. This also could be the result of PCD following comple-
tion of ascospore formation. PCD seems to be initiated in the
ascospores of the DmpdA strain as they appear malformed, with
uncompleted cell wall, distorted ornamentation and electron
dense contents. Earlier developmental stages show ascospore ini-
tials with cell constituents with intact ultrastructure. It might be
possible that a PCD signal is also entering the ascospores due to
a slower development caused by low mannitol levels. This is ulti-
mately leading to abortion of these cells. These assumptions sug-
gest a link between the reducing agent mannitol and the ROS
induced process PCD.
Mannitol might act as a signal molecule in Arabidopsis thaliana.
This organism normally does not produce this polyol (Chan et al.,
2011). Exposure to salt stress increases the expression of a variety
of stress-inducible genes in the wild type strain. This induction is
enhanced in a mannitol producing strain of A. thaliana. Mannitol
may also act as a signal molecule in fungi (Solomon et al., 2006),
but more research is clearly needed to evaluate such a role for this
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